The specific Ca2+ binding site that triggers contraction of molluscan muscle requires the presence of an essential light chain (ELC) from a Ca2+ binding myosin. Muscle myosins are highly conserved in overall morphology and subunit composition, consisting of two heavy chains, two essential light chains (ELCs), and two regulatory light chains (RLCs). The C-terminal portions of the heavy chains are wrapped around each other in an a-helical coiled-coil "tail," and the N termini form two pear-shaped globular "heads." Each head contains the actin binding sites, ATPase activity, and binding sites for one of each type of light chain. Despite these similarities, myosins from different muscle types are functionally distinct. A distinguishing feature of molluscan myosins is that each head possesses one specific, high-affinity
Muscle myosins are highly conserved in overall morphology and subunit composition, consisting of two heavy chains, two essential light chains (ELCs), and two regulatory light chains (RLCs). The C-terminal portions of the heavy chains are wrapped around each other in an a-helical coiled-coil "tail," and the N termini form two pear-shaped globular "heads." Each head contains the actin binding sites, ATPase activity, and binding sites for one of each type of light chain. Despite these similarities, myosins from different muscle types are functionally distinct. A distinguishing feature of molluscan myosins is that each head possesses one specific, high-affinity Ca2+ binding site that nonmolluscan (e.g., vertebrate skeletal, cardiac, and smooth muscle) myosins lack. Ca2+ binding to these sites triggers contraction in molluscan muscle (reviewed in ref. 1) .
Although all three myosin subunits are required for Ca2+ binding and for regulation, hybrid studies with foreign light chains on scallop regulatory domain (RD), a proteolytic fragment of scallop myosin, have indicated that the Ca2+ binding site may be located in the ELC. Scallop RD is composed of the two light chains together with a short fragment of the heavy chain (HCF) and lacks the actin and ATP binding sites of myosin but does retain the specific Ca2+ binding site. Ca2+ binding is retained by reconstituted RDs only if the source of ELC is from a Ca2+ binding myosin (2, 3) .
Myosin light chains are members of the EF hand superfamily of proteins, and each consists of four EF hand-like domains (4) (5) (6) . The EF hand is a protein sequence motif that potentially may bind divalent cation. The inability to do so is apparently due to deletions, insertions, or substitutions of critical amino acids. The canonical EF hand consists of two a-helices flanking a 12-amino acid Ca2+ binding "loop" (see Fig. 1A ) (reviewed in ref. 7) . Molluscan ELCs are predicted to be capable of binding divalent cation only in domain III, and therefore the contraction-triggering Ca2+ binding site has been expected to be located in this domain. In the predicted Ca2+ binding loop of domain III (see Fig. 1A ), position -X is occupied by a conserved serine in molluscan ELCs, whereas in nonmolluscan ELCs this residue is methionine or leucine. Given the requirement of an oxygen-containing side group at this position in known Ca2+ binding EF hand domains, it has been proposed that this amino acid difference accounts for the inability of nonmolluscan myosins to bind Ca2+ (8) . Despite these predictions based on sequence homology, recent crystallographic studies on scallop RD have indicated the presence of a divalent cation in domain I, but not domain III, of the ELC (9) . The sequence of domain I is extremely divergent from the canonical EF hand loop (see Fig. 1A ) and has been considered incapable of binding divalent cations (8, 10) . The observation of a divalent cation in this domain in the crystal structure necessitates further biochemical studies on the ELC.
In this paper, we have probed the role(s) of scallop ELC EF hand domains in scallop myosin function by using mutant ELCs. Our results indicate that domain III is not the location of the Ca2+ binding site. In contrast, we find that Ca2+ binding by scallop RD and Ca2+ sensitivity of the scallop myosin ATPase require that domain I be scallop sequence. Preliminary reports of this work have appeared (11) (12) (13) (14) .
MATERIALS AND METHODS
Light Chain Constructs. Site-directed mutagenesis was done by PCR under conditions recommended by the manufacturers (Perkin-Elmer and Stratagene). Internal point mutations were introduced by the megaprimer method (15) .
Plasmid constructs were sequenced across the ELC coding region. All other methods for manipulating DNA were performed as described (16) .
The scallop ELC cDNA (17) was subcloned into the Nde I site of pMW172 (18) to encode a nonfusion protein. Scallop ELCs with the amino acid substitutions D94A, S102M, and -chg (a fusion of EDE to the C terminus) were subcloned into the Nde I and EcoRI sites of pMW172. The rat cardiac ventricular ELC cDNA in ptzl9r (19) was subcloned between the Nco I andHindIII sites of pMW172. This construct encodes the cardiac ELC with a short fusion of 3 amino acids (MGS) at the N terminus.
To Beckman GPR tabletop centrifuge (5000 x g; 15 min). The myosin-containing pellets were resuspended gently and washed with 40 mM NaCl/3 mM sodium azide/1 mM MgCl2/5 mM sodium Pi, pH 7.0. The myosin was recombined with RLC as described (20) .
Other. The actin-activated ATPase rates were measured by proton liberation in the absence and presence of Ca2+ (20) . Bay scallops (Argopecten irradians) were obtained from the Nantucket Marine Department (Nantucket, MA) and the Marine Biological Laboratory (Woods Hole, MA). Scallop myosin (25) , native scallop RD (2), rabbit actin (26) , and clam (Mercenaria mercenaria) RLC (27) (Fig. 1A) , we tested whether this domain constitutes the specific Ca2+ binding site by substituting alanine for aspartate at the +X position (D94A). Likewise, methionine was substituted for the molluscan-specific serine at the -X position in the scallop ELC (S102M).
Surprisingly, Ca2+ binding was neither reduced nor affected in the reconstituted RDs containing either D94A or S102M mutant ELCs (Fig. 2B) , indicating that oxygen-containing side A 1 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) I (57-68) Hybrid RDs containing the cardiac ELC, the CI-SCII,SCIII,SCIV chimera, and the C1,CII-SCIII,SCIv chimera were formed and were isolated as stable complexes by ion-exchange chromatography ( Fig. 2A) . Soluble hybrid RDs containing either the Sc1-C1I,C1l1,C1v or the ScI,ScII-CIII,CIv chimera could be formed ( Fig. 2A ), but these RDs tended to dissociate under the salt conditions used for ion-exchange chromatography. To assay Ca2+ binding by hybrid RDs containing these two chimeras, the ion-exchange column step was omitted.
As expected, at 1 ,uM free Ca2+ and either 2 or 10 mM MgCl2 Ca2+ binding was severely reduced by the hybrid RD containing the rat cardiac ELC (Fig. 2B) (Fig. 2B) .
The results presented above indicate that domain I is the only scallop ELC domain that is able to support Ca2+ binding by hybrid RDs and that this sequence is specifically required for retention of Ca2+ binding. Our data demonstrate that domain I of the scallop ELC, despite its unusual sequence (Fig.  1A) , functions as the contraction-triggering Ca2+ binding site of scallop myosin.
Regulation by Mutant ELCs. We have probed the role of the ELC in regulation by assaying mutant ELCs for their effects on Ca2+ sensitivity of scallop myosin ATPase activity. We attempted to remove the ELC from scallop myosin by treatments that reversibly remove the ELC from skeletal muscle myosin (ammonium chloride) (30) or the RLC from smooth muscle myosin (trifluoperazine) (31) . However, both of these methods denatured scallop myosin (data not shown). Therefore, we used molar excesses of mutant ELCs to exchange them onto scallop myosin. ELC exchange required removal of the RLC as observed (24) . The different wild-type and mutant ELCs exchanged to various levels ( Table 1 ). Ca2+ sensitivity of ATPase activity was measured on a mixed population of myosin, containing both endogenous and exogenous ELCs. The net charges of the cardiac and chimeric ELCs all differed sufficiently from the endogenous scallop ELC such that exchange levels could be monitored by urea gel electrophoresis (Fig. 3A) . We also constructed a scallop ELC with three additional negatively charged amino acids in order to follow the efficiency of exchange (-chg; Fig. 3A) .
Exposure of scallop myosin to 41-42°C for 4 min was optimal for efficient ELC exchange without greatly interfering with RLC rebinding. Control experiments in which scallop myosin was reconstituted with less than stoichiometric amounts of the RLC established that full Ca21 sensitivity requires an RLC/ELC stoichiometry in excess of 0.80 and that Ca2+ sensitivity is linearly proportional to RLC content (data not shown). Under these conditions, the -chg ELC exchanged to high levels (-54%), RLC was fully rebound, and Ca2+ binding and Ca2+ sensitivity were not affected (Fig. 3) . Levels Sequence comparison to EF hand Ca2+ binding proteins suggested that domain III of the scallop ELC should form the high-affinity Ca2+ binding site. However, targeted substitution of amino acids thought to be important for Ca2+ binding by EF hand domains had no effect on Ca2+ binding. These results are supported by the crystal structure of scallop RD, where there is no indication of a divalent cation in domain III (9) . In fact, the structure of this domain appears to be distorted relative to the canonical EF hand structure (9) .
Although the sequence of domain I of the scallop ELC is unusual for a Ca2+ binding EF hand domain (see Fig. 1A (35) . Our data suggest that a functional (i.e., molluscan) dqmain I is required for both suppression of the myosin ATPase in the absence of Ca2+ (the characteristic feature of the resting state in molluscan muscle) as well as activation of the ATPase by binding Ca2+.
The amino acid sequence of domain I of molluscan ELCs is divergent from the canonical EF hand, and crystallographic studies on scialldp RD (9) indicate that the structure of domain I is also unusual. In the current structural model (9), the Ca2+ coordinating loop consists of 9 contiguous amino acids in domain I of the scallop ELC, residues 19-27 (DFWDGR-DGA) (see Fig. 1A ). All three aspartate residues bind Ca2+ via their side chains, but an inordinately large number of bonds are via main-chain carbonyls (from D19, G23, and A27). We note that domain I of the intestinal Ca2+ binding protein is also anomalous, although in a different fashion, with four carbonyl oxygens contributing to the Ca2+ coordination (36) . Many nonmolluscan ELCs (including the rat cardiac ELC) have aspartate (or glutamate) at the positions corresponding to D19 and D25; therefore, the presence of these residues does not fully account for the unique ability of molluscan ELCs to bind Ca2 . We note, however, that five residues in the Ca2+ binding loop (FWDGR) are fully conserved among, and unique to, the six molluscan ELC sequ,nces known. Although the function of the tryptophan in this cluster is not known, it may account for the increase in intrinsic tryptophan fluorescence associated with the light chain binding domain (RD) upon Ca2+ binding to scallop myosin (37) . We also note two residues (K32 and C39 in the scallop ELC) in the C-terminal helix of domain I (helix B) that are specific to molluscan ELCs. At least a subset of these conserved amino acids is likely to be the molecular basis for the functional differences between molluscan vs. nonmolluscan ELCs.
We have shown that the contraction-triggering Ca2+ binding site in scallop myosin is located in domain I, not domain III, of the scallop ELC. These findings complement crystallographic data on scallop RD (9 
